The nervous system-specific leucine-rich repeat Ig-containing protein LINGO-1 is associated with the Nogo-66 receptor complex and is endowed with a canonical EGF receptor (EGFR)-like tyrosine phosphorylation site. Our studies indicate that LINGO-1 expression is elevated in the substantia nigra of Parkinson's disease (PD) patients compared with age-matched controls and in animal models of PD after neurotoxic lesions. LINGO-1 expression is present in midbrain dopaminergic (DA) neurons in the human and rodent brain. Therefore, the role of LINGO-1 in cell damage responses of DA neurons was examined in vitro and in experimental models of PD induced by either oxidative (6-hydroxydopamine) or mitochondrial (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) toxicity. In LINGO-1 knockout mice, DA neuron survival was increased and behavioral abnormalities were reduced compared with WT. dopamine neuron ͉ substantia nigra ͉ degeneration ͉ neuroprotection ͉ axon N ew therapeutics are required that simultaneously preserve dopamine (DA) neurons and their functional connections to limit or eliminate the progression of the movement disorder of Parkinson's disease (PD) (1, 2). Several growth factors normally active in cell growth and survival during brain development have been shown to provide protection against cell death in animal models of PD (1-5). The phosphoinositide 3-kinases (PI3-Ks) and Akt (protein kinase B) signaling pathways have been shown to participate in such growth factor actions (1, 2, 5, 6). Recent studies also suggest that some leucine-rich repeat (LRR) Ig-containing proteins can influence growth factors by modulating EGF receptor (EGFR) signaling-related pathways (7, 8) . LINGO-1 is a LRR-Ig protein first identified as a critical component of the NogoR1-p75NTR complex in RhoA activation, and it is responsible for some inhibition of axonal regeneration by myelin-associated factors (9, 10). Unlike NogoR1, LINGO-1 gene expression is increased when adult nerve cells are exposed to traumatic injuries (9), indicating that LINGO-1 may be involved in cell injury responses. LRRK2, another LRR protein, was recently genetically linked to PD and Lewy body disease (11, 12). As we describe here, LINGO-1 appears to regulate neurite growth and the structural integrity of neurons, in analogy with LRRK2 (9, 13).
The nervous system-specific leucine-rich repeat Ig-containing protein LINGO-1 is associated with the Nogo-66 receptor complex and is endowed with a canonical EGF receptor (EGFR)-like tyrosine phosphorylation site. Our studies indicate that LINGO-1 expression is elevated in the substantia nigra of Parkinson's disease (PD) patients compared with age-matched controls and in animal models of PD after neurotoxic lesions. LINGO-1 expression is present in midbrain dopaminergic (DA) neurons in the human and rodent brain. Therefore, the role of LINGO-1 in cell damage responses of DA neurons was examined in vitro and in experimental models of PD induced by either oxidative (6-hydroxydopamine) or mitochondrial (N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) toxicity. In LINGO-1 knockout mice, DA neuron survival was increased and behavioral abnormalities were reduced compared with WT. dopamine neuron ͉ substantia nigra ͉ degeneration ͉ neuroprotection ͉ axon N ew therapeutics are required that simultaneously preserve dopamine (DA) neurons and their functional connections to limit or eliminate the progression of the movement disorder of Parkinson's disease (PD) (1, 2) . Several growth factors normally active in cell growth and survival during brain development have been shown to provide protection against cell death in animal models of PD (1) (2) (3) (4) (5) . The phosphoinositide 3-kinases (PI3-Ks) and Akt (protein kinase B) signaling pathways have been shown to participate in such growth factor actions (1, 2, 5, 6) . Recent studies also suggest that some leucine-rich repeat (LRR) Ig-containing proteins can influence growth factors by modulating EGF receptor (EGFR) signaling-related pathways (7, 8) . LINGO-1 is a LRR-Ig protein first identified as a critical component of the NogoR1-p75NTR complex in RhoA activation, and it is responsible for some inhibition of axonal regeneration by myelin-associated factors (9, 10) . Unlike NogoR1, LINGO-1 gene expression is increased when adult nerve cells are exposed to traumatic injuries (9) , indicating that LINGO-1 may be involved in cell injury responses. LRRK2, another LRR protein, was recently genetically linked to PD and Lewy body disease (11, 12). As we describe here, LINGO-1 appears to regulate neurite growth and the structural integrity of neurons, in analogy with LRRK2 (9, 13) .
In this study, elevated LINGO-1 levels were found after selective experimental damage to DA nerve terminals in the striatum of mice, and increased expressed levels of LINGO-1 were found in the substantia nigra (SN) of some PD patients. Using methods that reduced or eliminated the negative actions of LINGO-1, we demonstrate that midbrain DA neuron survival, growth, and function improve in primary in vitro cultures and in vivo experimental models of parkinsonism in mice. We also show that LINGO-1 normally binds to EGFR and negatively regulates the EGFR/Akt signaling pathway in cells and tissues relevant to these studies.
Results
Expression of LINGO-1 in Human and Rodent SN. LINGO-1 expression was found in both tyrosine hydroxylase (TH) and non-TH neurons in human SN and rodent ventral midbrain (VM). LINGO-1 expression was examined by in situ hybridization in the SN of PD and age-matched controls [supporting information (SI) Figs. 4 A and AЈ and 5] and semiquantitative RT-PCR (SI Fig. 4 B and C) . LINGO-1 is expressed in remaining DA neurons in the SN of PD patients (SI Fig. 4 A and B) . Preliminary data from PD patients indicate that LINGO-1 mRNA levels are higher in PD SN tissue than controls [unpaired Student's t test, t(10) ϭ 2.280, P Ͻ 0.05] (SI Fig. 4 B and C). Data relevant to these PD patient and control cases are listed in SI Table 1 . A detailed evaluation of LINGO-1 in the adult rat brain and rat primary embryonic cultures (embryonic day 15, 1 day in vitro) was obtained by in situ hybridization (SI Fig. 4D ) and/or immunohistochemistry (SI Fig. 4E ). In normal adult VM, LINGO-1 mRNA was expressed in many neuronal types and also colocalized with TH-positive DA neurons (SI Fig. 4D ). In primary VM cultures, LINGO-1 protein was also shown to be present in TH neurons (SI Fig. 4E ). To examine the function of LINGO-1 in VM DA neuronal degeneration, we used the 6-hydroxydopamine (6-OHDA) (14, 15) and N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (16, 17) neurotoxin-induced experimental models of PD. LINGO-1 knockout (KO) mice display no gross anatomical abnormalities and physical alterations in behavior and locomotion (18) . 6-OHDA was stereotaxically injected into the DA terminal striatum region of KO (n ϭ 13) and WT (n ϭ 13) littermates to produce a gradual and progressive neurodegenerative loss of DA terminals, axons, and cell bodies (14, 15) . Apomorphine-induced motor asymmetry (rotational behavior) was measured 1, 2, 3, and 4 weeks after lesion. Motor asymmetry was significantly lower in the KO mice compared with WT littermate controls at all of the time (F) In response to MPTP i.p. infusions, the number of TH neurons in the SNc of WT mice was significantly higher after LINGO-1 inhibition by LINGO-1-Fc injection into striatum on one side compared with the control side ( * , P Ͻ 0.05; n ϭ 9). No difference was found in the Fc-injected mice. (G) Striatal DA levels (g/mg) were greater on the LINGO-1-Fc-injected side compared with the control side ( * , P Ͻ 0.05; n ϭ 8). DA levels were not different between the Fc-injected side and the control side. (H) As a control for toxin concentrations, striatal MPP ϩ levels were found to be the same between LINGO-1-Fc-injected and control sides. (I) Representative Western blots from dissected VM tissue of phosphorylated Akt (p-Akt), Akt, and ␤-actin in LINGO-1 WT (ϩ/ϩ) or LINGO-1 KO (Ϫ/Ϫ) mice after i.p. saline (Ϫ) or MPTP (ϩ) infusion (n ϭ 6 for each group). (J) Graph showing that p-Akt levels were significantly higher in the VM of MPTP-treated KO mice at 7 days compared with MPTP-treated WT mice ( * , P Ͻ 0.05) or saline-treated KO mice (#, P Ͻ 0.05; n ϭ 6 for each group).
points examined (Fig. 1A ) (two-way ANOVA, F 3,96 ϭ 37.129, P Ͻ 0.001). In the postmortem analysis, the number of TH neurons was stereologically counted in the SN pars compacta (SNc, A9 area) regions using an unbiased optical fractionator method (19) . There was no difference between KO and WT mice (F 1,48 ϭ 1.321, P Ͼ 0.05) in the total number of TH neurons present in nonlesioned VM (A9). The 6-OHDA lesion produced a significant loss of TH neurons in the SNc of WT and KO mice (F 1,48 ϭ 24.88, P Ͻ 0.0001) ( Fig. 1 B and C) . The number of TH neurons on the lesion side was normalized to the nonlesion side in each animal to prevent any influence of genotype. Statistical analysis showed a higher number of surviving TH neurons in the KO (mean Ϯ SEM: 82 Ϯ 3.8%) compared with WT mice (52 Ϯ 4.0%) [t(24) ϭ 2.40, P ϭ 0.02], indicating a neuroprotective effect by eliminating the LINGO-1 response in the KO mice. In WT mice, using this selective 6-OHDA-induced experimental parkinsonism model, LINGO-1 protein levels were significantly increased in the striatum 3 days after injury (SI Fig. 6 ), a response previously shown in other types of neural injury models (9) .
To extend the observations of neuroprotection seen in the 6-OHDA lesion in vivo model of PD, KO (n ϭ 10) and WT (n ϭ 10) littermates were also evaluated in the MPTP in vivo model of PD (16) . WT (n ϭ 7) and KO (n ϭ 8) mice injected with i.p. saline (vehicle) served as controls. Postmortem stereological analysis at 7 days after i.p. MPTP infusions demonstrated that the number of TH neurons was significantly more reduced in the vulnerable SNc region of the WT relative to LINGO-1 KO mice (Fig. 1D ) (two-way ANOVA, F 1,31 ϭ 4.60, P Ͻ 0.05). Saline treatment did not alter the total TH cell number in SNc of WT or KO mice (Fig. 1D) . Consistent with such histological findings, striatal DA levels were lower in the MPTP-treated WT compared with vehicle-treated WT mice (Fig. 1E ) (two-way ANOVA, P Ͻ 0.01) or vehicle-treated KO mice (P Ͻ 0.05). In KO mice, DA levels were not statistically different for saline and MPTP treatments, which is consistent with the DA neuroprotection observed in the in vivo 6-OHDA paradigm (see Fig. 1C ). DA levels were not different between WT and KO mice treated with MPTP (Fig. 1E ). In the MPTP paradigm, Nissl staining in the SNc was used to confirm the cell loss assessed by TH staining. Indeed, stereological analysis showed the cell number to be significantly less than in WT compared with KO mice [salinetreated WT, 9,808 Ϯ 786; saline-treated KO, 9,166 Ϯ 911; MPTPtreated WT, 4,497 Ϯ 402; MPTP-treated KO, 6,869 Ϯ 547 (P Ͻ 0.001 and P Ͻ 0.05 in WT and KO, MPTP vs. saline, respectively)]. As a control for MPTP toxicity effects by genotype, we measured the conversion of MPTP to the actively toxic form MPP ϩ (20) . Striatal MPP ϩ levels in LINGO-1 KO or WT mice (n ϭ 6 each group) measured at peak toxin levels 90 min after MPTP treatment were not significantly different [unpaired Student's t test, t(10) ϭ 1.69, P Ͼ 0.05, mean Ϯ SEM 39.68 Ϯ 3.92 for WT and 62.06 Ϯ 12.67 for KO]. Because MPP ϩ enters DA terminals via the DA transporter, levels of this protein were examined by genotype. Western blot analysis showed that DA transporter levels were equivalent in WT and LINGO-1 KO mice (SI Fig. 7) . As a physiological confirmation in WT mice of the neuroprotection observed in LINGO-1 KO animals, LINGO-1-Fc protein (6.5 g/l; total 2 l), which is the truncated form of LINGO-1 functioning as a dominant negative (DN) molecule (9, 18) , was unilaterally injected into the striatum region of C57BL/6 mice (n ϭ 9). Injection of the Fc fragment served as controls (n ϭ 11). Seven days after this surgery, the mice received i.p. MPTP. At postmortem analysis 1 week after systemic MPTP, a higher number of TH neurons remained in the SNc of the side injected with the LINGO-1-blocking agent (LIN-GO-1-Fc) (Fig. 1F) [paired Student's t test, t(8) ϭ 3.99, P ϭ 0.004]. Congruent with this finding, DA levels were determined to be higher in the LINGO-1-Fc-injected striatum (Fig. 1G) [paired Student's t test, t(7) ϭ 2.9, P ϭ 0.02]. In the control experiment, injection of the Fc fusion protein did not alter the number of TH neurons or striatal DA levels (Fig. 1 F and G) . Control experiments showed that striatal MPP ϩ levels examined 90 min after systemic MPTP injections were similar in the LINGO-1-Fc-injected and contralateral sides of the brain (Fig. 1H) [t(8) ϭ 0.14, P ϭ 0.89], as was previously shown for MPTP to MPP ϩ conversion in WT and LINGO-1 KO mice. The neuroprotective phosphorylated form of Akt (p-Akt) was increased in vivo in the VM of MPTP-treated KO mice compared with those of MPTP-treated WT mice (Fig. 1 I and J) (F 3,20 ϭ 6.84, P Ͻ 0.01) or vehicletreated KO mice ( Fig. 1 I and J) (P Ͻ 0.05), whereas there were no differences between levels of p-Akt in vehicle-treated KO and WT mice (n ϭ 6 each group) (Fig. 1 I and J) .
Trophic Effects on Neurite Outgrowth and Survival of DA Neurons in
Vitro. To analyze the mechanisms and processes underlying the effects observed in vivo, we first studied LINGO-1 function in DA neurons in vitro in the presence of LINGO-1 antagonists. To provide LINGO-1 inhibition, cultured rodent VM neurons were transduced with lentivirus producing the full-length (FL) LINGO-1, or DN-LINGO-1 to block the endogenous LINGO-1 function, or with a vector control. Notably, in DN-LINGO-1-transduced VM cultures, TH neurons had longer neurites than similar control cultures ( Fig. 2 A and B) (F 2,6 ϭ 7.872, P Ͻ 0.05). TH neurons showed no differences in neurite lengths when transduced with FL-LINGO-1 ( Fig. 2 A and B) . These observations show that DN-LINGO-1 induces neurite outgrowth by inhibition of endogenous LINGO-1 function. Indeed, LINGO-1-Fc protein, like DN-LINGO-1, also promoted neurite outgrowth of DA neurons (Fig. 2 A and B) [t(4) ϭ 6.23, P ϭ 0.003]. To confirm and extend the observations of increased p-Akt responses seen in vivo associated with LINGO-1 inhibition, we determined p-Akt levels in cell cultures exposed to DN-LINGO-1 (21) (22) (23) (24) . A significant increase in p-Akt was observed in primary VM cultures after DN-LINGO-1 transduction compared with FL-LINGO-1 (or control transductions using a lenti-GFP vector) accompanied by elevated levels of EGFR (Fig. 2 C and D) (ANOVA, P Ͻ 0.01), which is consistent with p-Akt elevation observed in vivo in LINGO-1 KO mice after the MPTP lesion (see Fig. 1J ). This indicates that DN-LINGO-1 influences growth of TH neurons, at least in part by involvement of the Akt signaling pathway.
Consistent with the in vivo data above, DN-LINGO-1 significantly promoted DA neuron survival, compared with control or FL-LINGO-1-treated cultures exposed to 10 M MPP ϩ (Fig. 3 Further Mechanisms Involved in the LINGO-1 Effects. In further analyzing the molecular mechanisms involved in LINGO-1 actions, we reasoned that LINGO-1 and EGFR could potentially interact because the cytoplasmic domain of LINGO-1 contains a canonical EGFR-like tyrosine phosphorylation site (9) . We tested this hypothesis and found that LINGO-1 decreases EGFR protein levels in a dose-dependent manner (Fig. 3E) . Direct interaction between LINGO-1 and EGFR was demonstrated by immunoprecipitation using anti-LINGO-1 or anti-EGFR antibodies in (i) cultured cells or (ii) WT or KO VM brain tissues (Fig. 3 F and G) . The LINGO-1-blocking antibody 1A7 also abolished binding of LINGO-1 to EGFR, whereas the nonblocking anti-LINGO-1 antibody 2F3 did not have such effects. These data are evidence that LINGO-1 can reduce EGFR levels by a direct physical interaction (Fig. 3H) . Consistent with this interpretation, both EGFR and p-Akt levels increased when MPP ϩ -treated VM cultures were incubated with LINGO-1 inhibitors, such as 1A7 or LINGO-1-Fc protein, compared with control IgG or control Fc protein treatments of the cultures (Fig. 3 I and J) (F 3,12 ϭ 23.645, P Ͻ 0.001 for 1A7; F 3,12 ϭ 18.89, P Ͻ 0.001 for LINGO-1-Fc). Furthermore, EGFR activation was suppressed by LINGO-1, and 1A7 attenuated such inhibitory effects (SI Figs. 8 and 9) .
Discussion
These results demonstrate that midbrain DA neurons can be protected in vivo and in vitro against parkinsonism-inducing agents by independent methods of inhibiting endogenous brain LINGO-1, including (i) an antibody against LINGO-1, (ii) LINGO-1 KO mice, (iii) DN-LINGO-1 transduction, or (iv) the addition of LINGO-1-Fc protein. The experiments also demonstrate that the endogenous LINGO-1 effects involve the activation of the EGFR/Akt intracellular signaling pathways. Finally, we believe that our findings may be particularly relevant, because another protein in the LRR family, LRRK2, has recently been genetically linked to PD (11, 12) . Endogenous LRRK2, like LINGO-1, appears to function as a growth inhibitor of neurites and to be involved in the structural plasticity and integrity of the DA neurons (13) .
How does LINGO-1 regulate DA neurite outgrowth? LINGO-1 is a coreceptor of NogoR1 and p75NTR or TROY and can inhibit neurite growth in dorsal root ganglion and cerebellar granular neurons in the presence of myelin-associated inhibitor(s) (9, 10) . In such neurons, LINGO-1 normally inhibits process elongation and axonal growth. LINGO-1-Fc reverses the inhibitory properties of endogenous LINGO-1, and LINGO-1-Fc promotes axonal outgrowth by antagonizing the Nogo-R signaling pathway (9, 10) . Interestingly, our studies of LINGO-1-mediated intracellular signaling demonstrated that inhibiting LINGO-1 activities increased EGFR and p-Akt levels in the absence of myelin-associated inhibitor(s). Such data show that LINGO-1 can reduce EGFR expression, indicating that endogenous LINGO-1 may be a negative regulator of the EGFR/Akt signaling pathways. However, it is not clear how LINGO-1 inhibits EGFR expression and function. We propose that LINGO-1 may regulate EGFR signaling pathways by accelerating EGFR internalization and degradation, thus decreasing the availability of EGFR, or that LINGO-1 directly inhibits EGFR phosphorylation and thereby reduces PI3-K/Akt signaling activity (see SI Fig. 10 ). Previous (9) and present data demonstrate that LINGO-1 is up-regulated after neuronal damage or cell death in vivo, suggesting that LINGO-1 participates in pathophysiological responses. EGFR has multiple ligands including EGF, TGF-␣, heparin-binding EGF-like growth factor, and amphiregulin (25) . Significantly, TGF-␣ mutant mice exhibit significant reductions in SNc DA neurons (19) . Furthermore, EGF and EGFR protein levels are significantly decreased in the striatum of PD patients (2), and EGF treatment has been shown to protect DA neurons in primary VM cultures and animal models of PD (2, 4, (26) (27) (28) . Familial PD can be caused by mutant dysfunctional parkin (PARK2 in PD gene classification), and normal parkin (29, 30) can delay EGFR internalization and degradation and promote PI3-K/Akt signaling (31) . Intracellular signaling of EGFR is mediated by the PI3-K pathway (21) , which increases phosphorylation and activation of Akt (p-Akt) (24) . Growth factor-activated PI3-K/Akt signaling pathways have been previously documented to enhance neuronal survival and axonal regeneration. The mechanisms are complex and involve regulation of cytoplasmic cell death machinery, genes in cell death and survival, and metabolic pathways associated with cell survival (1, 22, 23, 32) . Furthermore, overexpression of p-Akt in the SNc DA neurons provides potent protection against 6-OHDA-induced cellular damages and function of DA neurons (23) , consistent with our neuroprotection data. In addition to EGFR, inhibition of LINGO-1 may reduce p75 NTR activity that has been linked to cell death (33) . Because LINGO-1 is also expressed by non-DA cells, those cells may also have positive influences on the DA neuronal function when LINGO-1 activity is inhibited. It has also been shown that LINGO-1 activates RhoA-GTP. Such RhoA activation can by itself cause cell death (34), thus providing another alternative mechanism for LINGO-1-associated cellular demise and dysfunction, because LINGO-1 antagonists can reduce RhoA (9, 18) . The current experiments revealed that inhibition of endogenous LINGO-1 (by DN-LINGO-1 or LINGO-Fc protein) stimulated neurite extension of DA neurons cultured in vitro in the absence of myelin inhibitors. Given that FL-LINGO-1 overexpression did not by itself inhibit neurite growth, this indicates that the LINGO-1 inhibitory system is saturated at baseline or that other molecular partners are required to further block neurite growth.
It is of utmost importance to find treatments that reduce neuronal degeneration and maintain neuronal pathways and physiological circuits in PD. Using in vivo and in vitro PD models, this work demonstrates that LINGO-1 can be part of the injury response of DA neurons. Inhibition of endogenous LINGO-1 exerted neuroprotective and neurite growth-stimulating effects on the DA neurons that typically degenerate in PD. In a PD lesion animal model, LINGO-1 was also regionally elevated after 6-OHDA induced DA neuronal degeneration. Preliminary data also indicate that LINGO-1 is up-regulated in the brains of human PD cases. These LINGO-1 findings, combined with recent data showing the related LRRK2 protein's physiological role (13) and genetic link to PD (11, 12) , demonstrate that LRR protein family members can play critical roles in the structural and functional integrity of neurons involved in neurodegenerative diseases. LINGO-1 and related functional proteins may therefore become useful targets for developing new treatments.
Methods
Generation of Recombinant Proteins, Viruses, and Antibodies. Control Fc and LINGO-1-Fc were prepared as described (9) . Briefly, LINGO-1-Fc (residues 1-532 of human LINGO-1 fused to the hinge and Fc region of human IgG1) was expressed in CHO cells and purified on protein A Sepharose (Amersham Pharmacia, Rockville, MD). The purified protein (Ͼ95% pure) ran on SDS/ PAGE with M r ϭ 90 kDa under reducing conditions and M r ϭ 180 kDa under nonreducing conditions. FL mouse LINGO-1 (FL-LINGO-1, amino acid residues 34-614; and DN-LINGO-1, amino acid residues 34-548) DNA sequence was inserted into a lentiviral vector as described (9) . FL-LINGO-1 and DN-LINGO-1 plasmids were transfected into 293T cells to produce lentivirus (9) . The 1A7 and 2F3 monoclonal anti-LINGO-1 antibodies were generated by using soluble LINGO-1-Fc as an antigen.
6-OHDA Lesion Model and Rotation Testing. LINGO-1 KO mice were generated with a GFP/neo (neomycin-resistant gene) replacement vector that targeted the entire single-exon coding sequence of LINGO-1 (18) . Thirteen male LINGO-1 KO mice and 13 littermate controls were used. Mice were anesthetized with ketamine/xylazine (100 mg/kg; Fort Dodge Animal Health, Fort Dodge, IA) and received unilateral striatal injection of 6-OHDA (14) . A concentration of 10 g/l free base 6-OHDA dissolved in 0.02% ascorbate/ saline (Sigma, St. Louis, MO) was injected in the left striatum (total dose, 10 g) at the following coordinates (calculated from bregma): AP, ϩ0.4; L, ϩ1.5; DV, Ϫ2.5. The injection was performed over 2 min at a rate of 0.5 l/min using a 26-gauge 10-l Hamilton syringe. After injection the needle was left in place for an additional 2 min before withdrawal. The wound was sealed with one auto clip, and the mice were placed in a cage on a warming pad and observed until they awoke from anesthesia. Rotational testing was conducted at 1, 2, 3, and 4 weeks after lesion. Apomorphine (Sigma) in 0.02% of ascorbate was injected s.c. (0.4 mg/kg), and rotations contralateral to the lesion side were counted over 30 min.
MPTP Treatment of LINGO-1 KO and WT Mice. Groups of male LINGO-1 KO mice and WT littermate controls were injected i.p. with 25 mg/kg MPTP hydrochloride (Sigma) four times 2 h apart (16, 17) . Saline-treated LINGO-1 KO and WT mice with the same i.p. infusion schedule served as controls. All animals were killed 7 days after injection. MPTP-treated KO and WT (n ϭ 10 each group) and saline-treated KO (n ϭ 8) and WT (n ϭ 7) mice were processed for histology and stereological analysis (20, 35) to determine specific neuroprotective effects on TH neurons in the VM. To examine protective intracellular mechanisms, VM and striatum tissues were collected from saline-treated mice (n ϭ 6 each genotype) and MPTP-treated KO and WT mice (n ϭ 6 each group) for Western blot analysis. For measurement of the conversion of MPTP to MPP ϩ , LINGO-1 KO and WT mice (n ϭ 6 each group) were killed 90 min after MPTP injection followed by dissection of striatum (20) 
(see SI Methods).
LINGO-1-Fc Injection and MPTP Treatment. LINGO-1-Fc (6.5 g/l, 2 l) (n ϭ 9) and control Fc protein (n ϭ 11) were unilaterally injected in the striatum of male C57BL/6 mice (2.5-3 months old) as follows: AP, ϩ0.62; L, 1.5; DV, Ϫ3.3 and Ϫ2.5 (calculated from bregma). These mice received MPTP 7 days after surgery and were allowed to survive for another 7 days. Both striata were dissected out for the HPLC assay of DA at the time the mice were killed, and the brains were fixed in 4% paraformaldehyde in 0.1 M PB and were processed for stereological analysis of the number of VM DA neurons. Another group of mice (n ϭ 9) was treated with MPTP (30 mg/kg), and striatum was dissected 90 min after MPTP injection for MPP ϩ measurements (see SI Methods).
Statistical Analysis. Unpaired or paired Student's t test, one-way ANOVA with post hoc test, and two-way ANOVA were used to analyze data when appropriate (InStat; GraphPad, San Diego, CA; JMP, Cary, NC). P Ͻ 0.05 was considered significantly different.
